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Here, we evaluate the mechanisms underlying the
neurodevelopmentaldeficits inDrosophilaandmouse
modelsof lysosomal storagediseases (LSDs).Wefind
that lysosomespromote the growth of neuromuscular
junctions (NMJs) via Rag GTPases and mechanistic
target of rapamycin complex 1 (MTORC1). However,
rather than employing S6K/4E-BP1, MTORC1 stimu-
lates NMJ growth via JNK, a determinant of axonal
growth in Drosophila and mammals. This role of lyso-
somal function in regulating JNK phosphorylation is
conserved in mammals. Despite requiring the amino-
acid-responsive kinase MTORC1, NMJ development
is insensitive to dietary protein. We attribute this
paradox to anaplastic lymphoma kinase (ALK), which
restrictsneuronalaminoaciduptake,and theadminis-
tration of an ALK inhibitor couples NMJ development
to dietary protein. Our findings provide an explanation
for the neurodevelopmental deficits in LSDs and sug-
gest an actionable target for treatment.INTRODUCTION
Mucolipidosis type IV (MLIV) and Batten disease are untreatable
lysosomal storage diseases (LSDs) that cause childhood neuro-
degeneration (Vellodi, 2005; Venkatachalam et al., 2015). MLIV
arises from loss-of-function mutations in the gene encoding
TRPML1, an endolysosomal cation channel belonging to the
TRP superfamily (Bargal et al., 2000; Bassi et al., 2000; Sun
et al., 2000). The absence of TRPML1 leads to defective lyso-
somal storage and autophagy, mitochondrial damage, and
macromolecular aggregation, which together initiate the pro-
tracted neurodegeneration observed in MLIV (Curcio-Morelli
et al., 2010; Jennings et al., 2006; Miedel et al., 2008; Vergara-Cell Repjauregui and Puertollano, 2008). Batten disease arises from the
absence of a lysosomal protein, CLN3 (Mitchison et al., 1997;
Munroe et al., 1997), and results in psychomotor retardation
(Kristensen and Lou, 1983). Both diseases cause early alter-
ations in neuronal function. For instance, brain imaging studies
revealed that MLIV and Batten patients display diminished
axonal development in the cortex and corpus callosum (Autti
et al., 1996; Frei et al., 1998), the causes of which remain
unknown.
To better understand the etiology of MLIV in a genetically trac-
table model, we generated flies lacking the TRPML1 ortholog.
The trpml-deficient (trpml1) flies have helped us gain insight
into the mechanisms of neurodegeneration and lysosomal
storage (Venkatachalam et al., 2008, 2013; Wong et al., 2012).
Here, we report that trpml1 larvae exhibit diminished synaptic
growth at the NMJ, a well-studied model synapse (Collins and
DiAntonio, 2007). We find that lysosomal function supports
Rag GTPases and MTORC1 activation, and this is essential for
JNK phosphorylation and synapse development. Drosophila
larvae and mice lacking CLN3 also exhibit diminished Rag/
MTORC1 and JNK activation, suggesting that alterations in
neuronal signaling are similar in different LSDs and are evolution-
arily conserved. Interestingly, the NMJ defects in the two fly LSD
models were suppressed by the administration of a high-protein
diet and a drug that is currently in clinical trials to treat certain
forms of cancer. These findings inform a pharmacotherapeutic
strategy that may suppress the neurodevelopmental defects
observed in LSD patients.
RESULTS
Drosophila TRPML Is a Late-Endosomal/Lysosomal
Protein in Neurons that Is Required for Synapse
Development
In non-neuronal cells, TRPML shuttles between the plasma
membrane and late-endosomal (LE) membranes (Wong et al.,
2012). Here, we sought to evaluate the subcellular location oforts 12, 2009–2020, September 29, 2015 ª2015 The Authors 2009
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Figure 1. TRPML Is Required for Larval
NMJ Development in Drosophila
(A) TRPML::MYC colocalizes with LE/lysosomal
markers in neuronal cell bodies, axons, and
NMJs. Image on the left shows Drosophila larval
MNs, whose cell bodies reside in the VNC and
project axons to peripheral muscles. Only one set
of MNs, muscle, and NMJ is shown for simplicity.
Images on the top right are confocal images of
neuronal cell bodies in the larval VNC dissected
from animals expressing TRPML::MYC (magenta)
and Spin::GFP (green) in neurons. Scale bar
shown in the left panel applies to all panels.
Images in the middle are confocal images of
larval axons in animals expressing TRPML::MYC
(magenta) and Lamp::GFP (green) in neurons.
Scale bar shown in the left panel applies to all
panels. Images on the bottom right are confocal
images of larval NMJs from animals expressing
TRPML::MYC (magenta) and Spin::GFP (green) in
neurons. a-Horseradish peroxidase (HRP, blue)
primary antibodies were used to stain axonal
membranes. Scale bar shown in the left panel
applies to all panels.
(B–G) Confocal images of larval NMJs from ani-
mals of the indicated genotypes stained with pri-
mary antibodies against HRP (green) and DLG
(magenta). Scale bar shown in (B) also applies to
(C)–(G).
(H) Bar graph showing the average bouton
numbers in larval NMJs from animals of the indi-
cated genotypes.
* represents statistical significance. Data shown
indicate mean ± SEM.TRPML in neurons. The cell bodies of the Drosophila larval
motor neurons (MNs) reside in the ventral nerve cord (VNC)
and send axonal projections to the NMJs (Figure 1A). Coexpres-
sion of UAS-trpml::myc (TRPML::MYC) with the LE/lysosomal
markers UAS-spinster::gfp (Spin::GFP) or UAS-lamp::gfp, using
elavC155-GAL4 (elav-GAL4) revealed that TRPML::MYC colocal-
ized with the LE/lysosomal markers within neuronal cell bodies,
axons, and NMJs (Figure 1A).
We found that trpml-deficient larvae exhibited fewer NMJ bou-
tons compared to wild-type (WT) (Figures 1B–1H). This pheno-
type was observed in the two loss-of-function alleles (trpml1
and trpml2), the trpml1/trpml2 transheterozygotes, and when
the trpml1 allele was in trans with a deficiency uncovering the
trpml locus (trpml1/Dftrpml) (Figure 1H). The trpml1 NMJ growth
phenotype was suppressed by a trpml+ genomic rescue (P
[trpml+]; trpml1) (Figures 1D and 1H). To identify the cells that
require TRPML to promote NMJ growth, we selectively ex-
pressed UAS-trpml in trpml1 neurons or muscle. We found that2010 Cell Reports 12, 2009–2020, September 29, 2015 ª2015 The Authorsexpression of UAS-trpml in mutant neu-
rons using elav-GAL4 or the MN specific,
C164-GAL4, rescued the NMJ growth
defect (Figures 1E, 1F, and 1H). How-
ever, expression of UAS-trpml in trpml1
muscle using mef2-GAL4 did not restore
the bouton numbers (Figures 1G and 1H).Thus, loss of TRPML results in a presynaptic defect inMNs, lead-
ing to diminished NMJ growth.
Diminished Synaptic Growth in trpml1 Is Due to
Decreased Activity of Rag GTPases/MTORC1
TRPML-dependent Ca2+ release allows the fusion of amphi-
somes with lysosomes, lysosomal degradation of proteins,
and the production of free amino acids that activate Rag
GTPases (Figure 2A) (Sancak et al., 2008; Wong et al., 2012).
To address whether a decrease in Rag GTPase activation might
underlie the diminished NMJ synaptic growth in trpml1, we first
examined NMJ growth in larvae lacking ragC (Kim et al., 2008).
Compared to the heterozygous controls (ragCD/+), ragC-
deficient larvae (ragCD) showed fewer NMJ boutons (Figures
2B, 2C, and 2H). Similarly, neuronal expression of a domi-
nant-negative RagA (RagATN) decreased the bouton numbers
(Figures 2D, 2E, and 2H). However, when expressed in trpml1
neurons, RagATN did not further decrease bouton numbers
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Figure 2. Diminished NMJ Synaptic Growth
following Lysosomal Dysfunction Is Due to
Decreased Activation of Rag/MTORC1
(A) TRPML is required for vesicle fusion, and
MTORC1 is activated in the presence of lysosomal
free amino acids, resulting in the phosphorylation of
downstream targets.
(B–G) Confocal images of larval NMJs from animals
of the indicated genotypes stained with antibodies
against HRP (green) and DLG (magenta). Scale bar
shown in (B) also applies to (C-G).
(H and I) Bar graphs showing the average bouton
numbers in animals of the indicated genotypes.
(J) Bar graph showing the percentage of the trpml1
adults carrying the indicated transgenes that eclose
from the pupal cases.
*, #, and { represent statistical significance. Ab-
breviations: n.s., not significant. Data shown indi-
cate mean ± SEM.(Figure 2H). This lack of additivity suggests that Rag and
TRPML function in a common pathway responsible for NMJ
development. Indeed, expression of a constitutively active
RagA (RagAQL) in trpml1 neurons completely rescued the syn-
aptic growth defects (Figures 2F–2H). However, expression of
ragAQL in WT neurons did not lead to an increase in bouton
numbers (Figure 2H), indicating that the rescue of the trpml1
phenotype by RagAQL occurred by counteracting a decrease
in Rag activity and not by some unrelated effects of RagAQL
expression.
Rag GTPases are required for the function of MTORC1 (San-
cak et al., 2008). Because Rag GTPases play a role inDrosophila
NMJ development, we asked whether MTORC1 also plays a role
in this process. We knocked down the critical MTORC1 subunit,
Raptor (Hara et al., 2002), using an RNAi line (raptorIR), which has
been shown to lower raptor mRNA levels and MTORC1 activity
(Natarajan et al., 2013). Consistent with the previously published
effects of this RNAi line on MTORC1 activity, we observed
decreased pS6K in fat-body extracts from larvae expressing
the raptorIR using cg-GAL4 (Figure S1A). Moreover, expression
of UAS-raptorIR in MNs using vglutok371-GAL4 (ok371-GAL4)
or in all neurons resulted in fewer boutons (Figure 2I). Therefore,Cell Reports 12, 2009–2020, Seactivities of both Rag and MTORC1 are
required for NMJ development.
The trpml1 mutants exhibit late-pupal
lethality (only 10%–20% of trpml1 pharate
adults eclose), which can be partially sup-
pressed by feeding the mutant larvae a
protein-rich diet (allowing 50% of trpml1
pharate adults to eclose) (Wong et al.,
2012). Expression of RagAQL in trpml1 neu-
rons allowed 80% of the pharate adults
to eclose even without the administration
of a high-protein diet (Figure 2J). There-
fore, the decrease in Rag activity in trpml1
neurons underlies both the synaptic
growth defects and elevated pupal
lethality. Moreover, rescue of both synap-tic growth defects and pupal lethality by RagAQL suggest a com-
mon molecular origin for the disparate trpml1 phenotypes.
The Rag-Ragulator complex activates MTORC1 in response
to an increase in amino acid levels (Bar-Peled et al., 2012) or a
decrease in the activity of AMPK (Zhang et al., 2014) (Figure S1B).
AMPK inhibits MTORC1 via phosphorylation and activation of
the TSC1/TSC2 complex, which is a GAP for Rheb, a G protein
required for MTORC1 function (Zoncu et al., 2011). To evaluate
a role for AMPK in the trpml1 NMJ phenotypes, we expressed
either constitutively active or dominant-negative AMPK
(AMPKT184D or AMPKK56R, respectively; Figure S1B) in WT and
trpml1 neurons. Although neuronal expression of AMPKT184D re-
sults in diminished bouton numbers, expression of AMPKT184D in
trpml1 did not further decrease bouton numbers (Figure S1C).
These data are consistent with Rag GTPases being inhibited to
a similar extent by the absence of TRPML or an increase
in AMPK activity. However, expression of AMPKK56R in trpml1
neurons did not restore bouton numbers (Figure S1C). Thus,
compromised activities of Rag GTPases in trpml1 neurons
are not due to AMPK overactivation but likely reflect lower
cellular amino acid levels due to diminished lysosomal protein
degradation.ptember 29, 2015 ª2015 The Authors 2011
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Figure 3. trpml and ragC Exhibit Dominant
Genetic Interactions with Genes Encoding
Proteins Involved in MAP Kinase Signaling
(A–F) Confocal images of larval NMJs from animals
of the indicated genotypes stained with antibodies
against HRP (green) and DLG (magenta). Scale bar
shown in (A) also applies to (B)–(F).
(G and H) Bar graphs showing the average bouton
numbers in animals of the indicated genotypes.
(I) PI(3,5)P2 activates TRPML, leading to vesicular
Ca2+ release, and ML-SA1 potentiates this effect.
(J) Bar graph showing the average bouton numbers
in animals of the indicated genotypes reared on
instant food with or without ML-SA1 feeding as
indicated. Rearing larvae on instant food resulted in
an overall increase in the number of boutons in all
the genotypes (Wong et al., 2014). However, the
trpml1 mutants still showed a relative decrease in
NMJ boutons, and all comparisons were made be-
tween animals reared under identical conditions.
* and # represent statistical significance. Abbrevia-
tions: n.s., not significant. Data shown indicate
mean ± SEM.MTORC1-Dependent NMJ Development Is Independent
of S6K and 4E-BP1
MTORC1-dependent phosphorylation activates S6K and in-
hibits 4E-BP1 (Zoncu et al., 2011). However, previous studies
have reported that neither S6K nor 4E-BP1 (Thor) determines
NMJ bouton numbers (Cheng et al., 2011a; Lee et al.,
2010). We also found that neuronal expression of neither
dominant-negative S6K nor wild-type Thor (elav > S6KKQ
and elav>thor respectively) altered NMJ bouton numbers
(Figure S1D).
The efficacy of rapamycin on MTORC1 activity depends on
the phosphorylation target. Although effective at inhibiting
phosphorylation of S6K and 4E-BP1, rapamycin does not
effectively inhibit phosphorylation of some other MTORC1 tar-
gets (Kang et al., 2013). Because S6K and 4E-BP1 do not
impact NMJ bouton numbers, we hypothesized that NMJ
growth might be resistant to rapamycin. Indeed, synaptic
overgrowth following overexpression of Rheb is not sup-
pressed by rapamycin (Knox et al., 2007). We also found
that feeding WT larvae 1 mM rapamycin, a concentration that
effectively inhibits MTORC1 activity in larval fat bodies
(Wong et al., 2012), did not alter NMJ bouton numbers (Fig-
ure S1E). Together, these findings indicate that MTORC1 reg-
ulates NMJ growth via a target(s) other than S6K and 4E-BP1
(Figure S1F).
TRPML, Rag, and MTORC1 Promote NMJ Synapse
Development via JNK
To identify the downstream target(s) of Rag/MTORC1 that im-
pact(s) NMJ bouton numbers, we examined the pathways that
influence NMJ synapse development in Drosophila larvae. The
BMP/TGF-b retrograde cascade involves the phosphorylation
of the transcription factor MAD, which promotes NMJ growth2012 Cell Reports 12, 2009–2020, September 29, 2015 ª2015 The A(Marque´s et al., 2002; Sweeney and Davis, 2002). However,
the relative intensities of pMAD staining at the NMJ and
the MN nuclei were unchanged in trpml1 (Figures S2A–S2D),
indicating that the diminished synaptic growth in trpml1 is
not due to decreased BMP/TGF-b signaling. Mutants lacking
a Drosophila Wnt homolog, Wingless (Wg), or exhibiting desta-
bilized presynaptic microtubules have enlarged but fewer bou-
tons (Miech et al., 2008; Packard et al., 2002; Pennetta et al.,
2002; Roos et al., 2000; Wong et al., 2014). Although trpml1 dis-
played a decrease in bouton numbers, bouton morphology
was not altered (Figures 1B–1G). Furthermore, the levels of
presynaptic Wg remained unchanged in trpml1 (Figure S2E),
suggesting that Wg release is not affected in trpml1. Therefore,
the trpml1 synaptic growth defects do not result from diminished
Wg signaling or from alterations in presynaptic microtubule
structure.
Next, we investigated whether presynaptic JNK signaling,
which promotes NMJ development (Ballard et al., 2014; Sanyal
et al., 2002), may be decreased in trpml1. To do so, we first
examined whether trpml1 exhibits dominant genetic inter-
actions with loss-of-function mutations in JNK-related genes.
Although larvae carrying single copies of trpml1 or the loss-
of-function allele of Drosophila JNK (basket1 (bsk1)) did not
exhibit a decrease in bouton numbers, transheterozygous
bsk1/+; trpml1/+ NMJs showed fewer boutons (Figures 3A–
3C and 3G). We also observed a dominant genetic interaction
between bsk1 and ragCD (Figures 3D and 3G). The MAPKKK
Wallenda (Wnd), which is the Drosophila homolog of DLK1,
is responsible for the activation of JNK in Drosophila MNs
(Collins et al., 2006). Transheterozygous wnd3/trpml1 NMJs
also exhibited fewer synaptic boutons, whereas neither het-
erozygous alone showed the phenotype (Figures 3E, 3F, and
3H).uthors
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Figure 4. Lysosomal Function and Rag/
MTORC1 Promote NMJ Synapse Growth via
Wnd/JNK Signaling
(A–D) Confocal images of larval NMJs from animals
of the indicated genotypes stained with antibodies
against HRP (green) and DLG (magenta). Scale bar
shown in (A) also applies to (B)–(D).
(E) Bar graph showing the average bouton numbers
in animals of the indicated genotypes.
(F–I) Confocal images of larval NMJs from animals of
the indicated genotypes stained with antibodies
against HRP (green) and DLG (magenta). Scale bar
shown in (F) also applies to (H), and scale bar shown
in (G) also applies to (I).
(J) Bar graph showing the average bouton numbers
in animals of the indicated genotypes.
(K) Crosstalk between the MTORC1 and Wnd/JNK
pathways.
*, #, and { represent statistical significance. Data
shown indicate mean ± SEM.The E3-ubiquitin ligase, Highwire (Hiw), restricts NMJ bouton
numbers by promoting Wnd degradation (Collins et al., 2006).
Neuronal expression of UAS-hiw in trpml1/+ (elav>hiw; trpml1/+)
resulted in a decrease in bouton numbers that was not observed
when UAS-hiw was expressed in WT neurons (elav>hiw) (Fig-
ure 3J). Therefore, trpml1/+ neurons constitute a sensitized sys-
tem in which expression of a negative regulator of JNK signaling
restricts the formation of synaptic boutons. Interestingly, expres-
sion of Hiw in the trpml1 homozygotes resulted in synthetic
embryonic lethality (not shown), likely due to massive downregu-
lation of JNK signaling, because bsk1 homozygotes also exhibit
embryonic lethality (Riesgo-Escovar et al., 1996).
Because the elav>hiw; trpml1/+ still contained one functional
copy of trpml, we asked whether exogenously activating
TRPML in these animals would restore the bouton numbers.
Both mammalian TRPML1 and fly TRPML are PI(3,5)P2-acti-
vated channels (Dong et al., 2010; Feng et al., 2014a) whose
activity is further potentiated by ML-synthetic agonist 1 (ML-
SA1) (Feng et al., 2014b; Shen et al., 2012) (Figure 3I). Feeding
ML-SA1 (20 mM final concentration in fly food) to the elav>hiw;
trpml1/+ larvae restored synaptic growth, whereas the trpml1
homozygous larvae were insensitive to ML-SA1 (Figure 3J).
Thus, TRPML channel activity supports JNK-dependent NMJ
growth.Cell Reports 12, 2009–2020, SeSynaptic Overgrowth in
hiw-Deficient Larvae Is Suppressed
by Lysosomal Dysfunction or a
Decreased Rag/MTORC1 Activity
Larvae lacking hiw (hiwND8) exhibit an
elevated number of relatively smaller
NMJ boutons (DiAntonio et al., 2001;
Wan et al., 2000). Because decreasing
JNK levels in hiwND8 suppresses the alter-
ations in synaptic growth and morphology
(Collins et al., 2006), we hypothesized
that trpml1 might also suppress the
hiwND8-induced synaptic phenotypes.
Indeed, hiwND8;;trpml1 double mutants
had significantly fewer boutons than hiwND8 alone (Figures
4A, 4B, and 4E). The bouton numbers observed in hiwND8
were also reduced following MN-specific expression of domi-
nant-negative ragATN or raptorIR (Figures 4C–4E). Thus, lyso-
somal function and Rag/MTORC1 activity are partially required
for the NMJ synapse expansion in hiwND8, further supporting
the notion that lysosomal function and Rag/MTORC1 are
required for maximal JNK activation. However, none of the
manipulations described above rescued the ‘‘small-bouton’’
phenotype of hiwND8.
Synaptic Overgrowth due to Rheb Overexpression Is
Suppressed by wnd Mutants
Could the synaptic overgrowth associated with the neuronal
overactivation of MTORC1 be suppressed by decreasing
the levels of Wnd? As described previously (Knox et al.,
2007; Natarajan et al., 2013), neuronal overexpression of
Rheb (elav>rheb), which induces MTORC1 activation (Stocker
et al., 2003) (Figure 4K), resulted in a 2-fold increase in
the number of synaptic boutons (Figures 4F, 4G, and 4J).
Interestingly, wnd3/+ markedly suppressed the increase in
bouton numbers in elav>rheb (Figures 4H–4J). Therefore,
NMJ overgrowth following MTORC1 overactivation requires
Wnd (Figure 4K).ptember 29, 2015 ª2015 The Authors 2013
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Figure 5. Lysosomal Function and Rag/
MTORC1 Promote Wnd/JNK Phosphoryla-
tion and puckered Expression
(A) Western blots performed with larval brain ex-
tracts of the indicated genotypes probed with
a-pJNK, a-JNK, and a-tubulin primary antibodies.
(B) Bar graph showing the pJNK band intensities
normalized to the tubulin band intensities in the
indicated genotypes.
(C) Bar graph showing the JNK band intensities
normalized to the tubulin band intensities in the
indicated genotypes.
Values shown in (B) and (C) are relative to the WT
controls.
(D) Bar graph showing the pJNK/JNK band in-
tensities in the indicated genotypes. The values
shown are normalized to the UAS-rheb controls.
(E) Representative images showing nuclear b-gal
staining in MN cell bodies in animals of the indi-
cated genotypes. All animals shown in (E) carried
the puc-LacZ transgene and UAS-Dicer2. UAS-
Dicer2 alone did not affect puc-LacZ expression
(data not shown). The scale bar shown in the top
panel applies to all panels. The BG380>rheb nuclei
are larger consistent with the well-known effects of
Rheb to increase cells size in Drosophila (Stocker
et al., 2003), and the data shown are the average
b-gal intensities over the entire nucleus to control
for changes in nuclear size.
(F and G) Bar graph showing relative nuclear b-gal
intensities in the indicated genotypes. The control in
(G) is BG380-GAL4/+.
(H) In vitro kinase assay using purified MTORC1 on
recombinant GST-WndKD and GST-mut-WndKD.
Top: silver stain showing total GST-WndKD or GST-
mut-WndKD levels in each sample. Bottom: 32P
autoradiograms showing extent of GST-WndKD or
GST-mut-WndKD phosphorylation in the presence
of purifiedMTORC1with or without 10 mMTorin1 as
indicated.
(I) Bar graph showing quantification of GST-WndKD
and GST-mut-WndKD phosphorylation in the absence (control) or presence of 10 mM Torin1 as indicated. Data shown are normalized to controls.
(J) MTORC1 phosphorylates Wnd resulting in JNK activation and NMJ synaptic growth. MKK4 and MKK7 are MAPKK upstream of JNK (Geuking et al., 2009).
*, #, and { represent statistical significance. Abbreviations: n.s., not significant. Data shown indicate mean ± SEM.Rag/MTORC1 Activity Promotes JNK Phosphorylation
and JNK-Dependent Gene Transcription
Next, we asked whether manipulation of the Rag/MTORC1
pathway impacts JNK phosphorylation. Western blotting of
larval brain extracts revealed that the levels of phospho-JNK
(pJNK) were significantly decreased in the ragCD (Figures 5A
and 5B). Consistent with increasedWnd levels in hiwND8mutants
(Collins et al., 2006), pJNK levels were elevated in the hiwND8
larval brain extracts (Figures 5A and 5B). The pJNK elevation in
hiwND8 was significantly reduced following the introduction of
trpml1 (Figures 5A and 5B). However, the total JNK levels were
not altered in these genotypes (Figures 5A and 5C). Conversely,
the levels of pJNK/JNK were elevated in brain extracts derived
from elav>rheb larvae (Figures 5A and 5D). Therefore, JNK phos-
phorylation correlates with MTORC1 activity.
The gene puckered (puc) is expressed following JNK activa-
tion (Martı´n-Blanco et al., 1998), and the puc-LacZ reporter is
used to assess JNK-dependent gene transcription (Ra¨met2014 Cell Reports 12, 2009–2020, September 29, 2015 ª2015 The Aet al., 2002). Although we were unable to recombine the puc-
LacZ transgene with trpml1, we monitored nuclear b-galactosi-
dase (b-gal) staining intensities in larvae carrying the puc-LacZ
transgene, in which either dominant-negative ragATN or raptorIR
were expressed under the control of the MN-specific, BG380-
GAL4. We found that expression of ragATN or raptorIR sig-
nificantly decreased b-gal intensities, i.e., puc-LacZ induction
(Figures 5E and 5F). However, expression of an RNAi against
moody, a gene unrelated to the MTORC1 pathway, did not alter
the b-gal intensity (b-gal intensity relative to BG380-GAL4/+ =
0.98, p = 0.8, unpaired Student’s t test). Expression of UAS-
rheb under the control of BG380-GAL4 led to a 2.5-fold increase
in b-gal intensity (Figures 5E and 5G). Therefore, JNK-dependent
transcription correlates with MTORC1 activity.
MTORC1 Phosphorylates Wnd
Evaluation of the primary amino acid sequence of Wnd revealed
that although the protein contains a total of 69 serine and 8uthors
threonine residues that can be phosphorylated (NetPhos2.0),
only 4 of these sites bear the hallmarks of MTOR consensus sites
(S305, T309, S362, and S392) (Hsu et al., 2011). To test the hy-
pothesis that MTORC1 phosphorylates Wnd at one or more of
these residues, we first purified MTORC1 from cells stably ex-
pressing FLAG-tagged Raptor (FLAG-Raptor) (Yip et al., 2010).
Both MTOR and FLAG-Raptor were present in the purified com-
plex, along with the kinase ULK1/Atg1, which interacts with
MTORC1 (Hosokawa et al., 2009) (Figure S3A). In contrast,
JNK was absent in the purified complex, whereas it was de-
tected in both the input and flow-through (Figure S3A). The
MTORC1 complex we purified was functional as it phosphory-
lated recombinant 4E-BP1 in vitro (Figure S3B), and this phos-
phorylation was abolished by the MTOR kinase inhibitor Torin1
(Thoreen et al., 2009) (Figure S3B).
Next, we purified a glutathione S-transferase (GST)-tagged ki-
nase-deadWnd (GST-WndKD—K188A, to rule out autophosphor-
ylation of Wnd) from E. coli and evaluated its phosphorylation by
MTORC1 in vitro (Stewart et al., 2013).We found thatGST-WndKD
was phosphorylated only in the presence ofMTORC1, and Torin1
significantly decreased this phosphorylation (Figures 5H and 5I).
However, GST alone was not phosphorylated by MTORC1 (Fig-
ure S3C). Interestingly, the phosphorylation of GST-WndKD was
only decreased by 30% following Torin1 treatment, which indi-
cates that the MTORC1 we purified also contains Torin1-insensi-
tive kinase(s) that can phosphorylate GST-WndKD. Consistent
with this notion, although GST-WndKD lacking the four putative
MTOR phosphorylation sites (GST-mut-WndKD; contains the
following mutations: K188A, S305A, T309A, S362A, and S392A)
was phosphorylated by MTORC1, this residual phosphorylation
was insensitive to Torin1 (Figures 5H and 5I). Therefore, Torin1-
sensitive phosphorylation of GST-WndKD by MTORC1 occurs at
the fourpredictedMTORtarget sites,whereasadditional kinase(s)
in the complex phosphorylate(s) Wnd on other phosphorylation
sites in the protein. Our data indicate thatMTORC1 directly phos-
phorylates Wnd, which stimulates JNK phosphorylation and pro-
motes NMJ growth (Figure 5J).
Diminished NMJ Bouton Numbers, Rag/MTORC1
Activation, and JNK Activation Are Also Observed in a
Drosophila Model of Batten Disease
To examine whether decreased neuronal JNK signaling is a
general outcome of lysosomal dysfunction, we first examined
JNK phosphorylation in larvae that were fed chloroquine, a lyso-
somotropic agent that disrupts lysosomal degradation of pro-
teins. Chloroquine-fed larvae exhibited a significant decrease
in pJNK/JNK levels in the brain (Figures S4A and S4B). Thus,
decreased lysosomal protein degradation results in diminished
JNK phosphorylation.
Next, we sought to evaluate synaptic development and JNK
signaling in flies lacking cln3. Similar to our findings in trpml1,
the number of NMJ boutons in cln3-deficient larvae (cln3DMB1)
(Tuxworth et al., 2009) was significantly lower than those in het-
erozygous controls (cln3DMB1/+) (Figures 6A–6C). We also ex-
pressed an RNAi line against Drosophila cln3 (UAS-cln3IR) in
MNs and observed a decrease in the number of synaptic bou-
tons (Figures S3C, S3D, and 6C). Therefore, loss of either trpml
or cln3 in MNs results in diminished synaptic growth at theCell RepNMJ, indicating a general role of lysosomal function in synaptic
development.
The trpml1 and cln3DMB1 mutants exhibited dominant genetic
interactions, whereas bouton numbers in the cln3DMB1/+ and
trpml1/+ heterozygotes alone remained unchanged (Figure 6D),
and expression of RagAQL in the cln3DMB1 resulted in complete
restoration of bouton numbers (Figure 6D). Furthermore,
neuronal expression of UAS-cln3IR led to lower levels of pJNK
(Figures 6E and 6F), but not total JNK (data not shown), and a
significant decreased bouton numbers in hiwND8 (Figures S3E–
S3G). Therefore, diminished synaptic bouton numbers in both
trpml1 and cln3DMB1 occur via a similar pathway involving low
Rag/MTORC1 activity and JNK phosphorylation.
Neuronal JNK Phosphorylation Is Diminished in aMouse
Model of Batten Disease
JNK activation is required for axonal tract development in the
corpus callosum (CC) and cortex in mice (Eto et al., 2010). Brain
sections from embryonic day 19.5 (E19.5) embryos revealed
lower pJNK levels in the CC in the Cln3-deficient animal
(Cln3D7-8/D7-8, hereafter referred to as Cln3/) (Cotman et al.,
2002) (Figures 6G–6L). The decrease in pJNK levels in the
Cln3/ axons was particularly striking in the commissures adja-
cent to the CC (Figures 6H and 6J–6L, compare regions indi-
cated by arrows in the two genotypes). However, the total JNK
levels were not changed in the Cln3/ sections (Figures S3H–
S3K). Cerebral cortex lysates from E17.5 Cln3/mice embryos
also exhibited significantly reduced levels of pJNK and ratio of
pJNK/JNK (Figures 6M–6O). Thus, decreased neuronal JNK
activation following lysosomal dysfunction occurs in multiple
LSD models and is conserved between flies and mammals.
Simultaneous Inhibition of ALK and Administration of
High-Protein Diet Partially Rescue the trpml1 Synaptic
Growth Defects and Pupal Lethality
Feeding trpml1 larvae a high-protein diet promotes the activation
of Rag and suppresses the mutant phenotypes in non-neuronal
cells (Wong et al., 2012). Because the NMJ growth defects in
trpml1 also arise from a decrease in the activity of Rag, we exam-
ined whether feeding trpml1 larvae a high-protein diet could
rescue the synaptic growth defects. To our surprise, we found
that raising the trpml1 larvae on a high-protein diet did not affect
the NMJ growth defects (Figure 7A). Therefore, although trpml1
neurons exhibit decreased activation of an amino-acid-respon-
sive cascade, these cells are unable to adequately respond to
an elevation in dietary protein content.
These data were consistent with previous findings that
Drosophila neuroblasts are insensitive to dietary protein content
compared to non-neuronal cells (Cheng et al., 2011b). This
insensitivity is due to the evolutionarily conserved receptor-tyro-
sine kinase ALK, which is enriched in neurons and represses
neuronal amino acid uptake (Figure 7B, left and middle), while
promoting neuroblast development by activating phosphatidyli-
nositol 3-kinase (PI3K), thereby allowing neuroblasts to with-
stand fluctuations in dietary amino acids (Cheng et al., 2011b)
(Figure 7B, middle). Owing to the expression of ALK in mature
neurons (Rohrbough et al., 2013), amino acid uptake might
remain suppressed in these cells. If so, inhibition of ALK inorts 12, 2009–2020, September 29, 2015 ª2015 The Authors 2015
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Figure 6. Drosophila and Mouse Models of
Batten Disease Also Show Diminished Neu-
ronal JNK Signaling
(A and B) Confocal images of larval NMJs from an-
imals of the indicated genotypes stained with anti-
bodies against HRP (green) and DLG (magenta).
Scale bar shown in (A) also applies to (B).
(C and D) Bar graphs showing the average bouton
numbers in animals of the indicated genotypes.
(E) Western blots performed with larval brain ex-
tracts of the indicated genotypes probed with
a-pJNK and a-tubulin primary antibodies.
(F) Bar graph showing the pJNK band intensities
normalized to the tubulin band intensities in the
indicated genotypes. The values shown are relative
to the appropriate UAS controls.
(G and I) Coronal sections of E19.5 mouse brains of
the indicated genotypes showing a-pJNK staining
by immunohistochemistry. Scale bar shown in (G)
also applies to (I).
(H and J) Higher magnification of the boxed regions
from (G) and (I), respectively. Scale bar shown in (H)
also applies to (J).
(K and L) Coronal sections of E19.5 mouse brains of
the indicated genotypes showing a-pJNK staining
by immunofluorescence. Scale bar shown in (K) also
applies to (L).
Arrows in (H) and (J)–(L) point to a-pJNK staining in
axonal tracts.
(M) Western blots performed with cerebral cortex
lysates from animals of the indicated genotypes
probed with a-pJNK, a-JNK, and a-GAPDH primary
antibodies.
(N and O) Bar graph showing the relative pJNK band
intensities normalized to the GAPDH band in-
tensities in the indicated genotypes (N) and the
relative pJNK/JNK band intensities in the indicated
genotypes (O). The values shown are relative to the
appropriate controls.
* represents statistical significance. Abbreviations:
n.s., not significant; CC, corpus callosum. Data
shown indicate mean ± SEM.trpml1 could derepress the uptake of dietary amino acids, result-
ing in the activation of Rag and recovery of synaptic growth (Fig-
ure 7B, right).
We tested this hypothesis by feeding larvae a highly selective
ALK inhibitor, CH5424802 (Sakamoto et al., 2011). The amino
acid residues on ALK that mediate the effect of CH5424802
are conserved in Drosophila ALK. Moreover, CH5424802 treat-
ment resulted in decreased phosphorylation of Akt on S473 (Fig-
ures S4L and S4M), a known consequence of inhibition of ALK,
which is responsible for phosphorylation of Akt on S473 via
PI3K (Slupianek et al., 2001). Next, we fed larvae CH5424802
(final concentration of 1 mM in fly food) either with or without a
high-protein diet for 48 hr. Remarkably, only the trpml1 larvae
that were fed both CH5424802 and a high-protein diet showed
significant recovery of the synaptic bouton numbers (Figure 7C).
However, the combination of a high-protein diet and CH5424802
did not elevate the bouton numbers when either dominant-nega-
tive ragATN was simultaneously expressed in the trpml1 neurons
(Figure 7C) or in ragCD (Figure 7D). We also observed significant
rescue of bouton numbers in larvae expressing cln3RNAi inMNs2016 Cell Reports 12, 2009–2020, September 29, 2015 ª2015 The Afollowing simultaneous administration of CH5424802 and high-
protein diet (Figure 7E). Thus, inhibition of ALK is critical for resto-
ration of Rag activity and synaptic growth by a high-protein diet
in neurons with lysosomal dysfunction.
Feeding the trpml1 larvae a combination of yeast and
CH5424802 also significantly increased the percentage of flies
surviving to adulthood compared to feeding the larvae a diet
comprised of yeast without CH5424802 (Figure 7F). Therefore,
a combination of a high-protein diet and ALK inhibition rescues
defects in both synapse development and adult viability in ani-
mals with lysosomal dysfunction.
DISCUSSION
Lysosomal Dysfunction Results in Diminished Synapse
Development
Weshow that lysosomal dysfunction inDrosophilaMNs results in
diminished bouton numbers at the larval NMJ. We present evi-
dence that lysosomal dysfunction results in decreased activation
of the amino-acid-responsive cascade involving Rag/MTORC1,uthors
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Figure 7. Simultaneous Administration of
ALK inhibitor andHigh-Protein Diet Enhances
Synaptic Growth and Adult Viability following
Lysosomal Dysfunction
(A) Bar graph showing the average bouton numbers
in animals of the indicated genotypes reared on
instant food with the indicated additions.
(B) Mechanism of ALK-dependent block of amino
acid uptake in neuronal cells.
(C–E) Bars graph showing the average bouton
numbers in animals of the indicated genotypes
reared on instant food with the indicated additions.
(F) Bar graph showing the percentage of the trpml1
adults that eclose from their pupal cases when
reared on instant food with the indicated additions.
The ‘‘+’’ and ‘‘’’ in (C)–(F) represent presence or
absence of CH5424802 or yeast. Although rearing
larvae on instant food resulted in an overall increase
in the number of boutons in all the genotypes, the
trpml1, ragCD, and ok>cln3IR larvae showed a rela-
tive decrease in NMJ boutons, and all comparisons
were made between animals reared under identical
conditions.
(G) Roles of lysosomal function, MTORC1 activity,
and Wnd/JNK signaling in neurodevelopment.
* and # represent statistical significance. Abbrevia-
tions: n.s., not significant; CH, CH5424802. Data
shown indicate mean ± SEM.which are critical for normal NMJ development (Figure 7G).
Despite the requirement for MTORC1 in NMJ synapse develop-
ment, previous studies and our current findings show that
bouton numbers are independent of S6K and 4E-BP1. Rather,
MTORC1 promotes NMJ growth via a MAP kinase cascade
culminating in JNK activation (Figure 7G). Therefore, decreasing
lysosomal function or Rag/MTORC1 activation in hiwND8 sup-
pressed the associated synaptic overgrowth. However, the
‘‘small-bouton’’ phenotype of hiwND8 was independent of
MTORC1. Thus,MTORC1 is required for JNK-dependent regula-
tion of bouton numbers, whereas bouton morphology is inde-
pendent of MTORC1. Furthermore, although both rheb expres-
sion and hiw loss result in Wnd-dependent elevation in bouton
numbers, the supernumerary boutons in each case show distinct
morphological features. Additional studies are needed for deci-
phering the complex interplay between MTORC1-JNK in regu-
lating the NMJ morphology.
Biochemical analyses revealed that both JNK phosphorylation
and its transcriptional output correlated with the activity ofCell Reports 12, 2009–2020, SeMTORC1, which are consistent with prior
observations that cln3 overexpression pro-
motes JNK activation (Tuxworth et al.,
2009) and that tsc1/tsc2 deletion in flies
result in increased JNK-dependent tran-
scription (Gordon et al., 2013). These find-
ings point to the remarkable versatility of
MTORC1 in controlling both protein trans-
lation and gene transcription.
Usingan in vitro kinaseassay,wedemon-
strate that Wnd is a target of MTORC1.
Because axonal injury activates bothMTORC1 and DLK/JNK (Abe et al., 2010; Kenney and Kocsis,
1998; Valakh et al., 2015), our findings imply a functional connec-
tionbetween these twopathways. Interestingly,ourdataalso sug-
gest that MTORC1 contains additional kinases besides MTOR
that can phosphorylate Wnd. One possibility is that ULK1/Atg1,
which associates with MTORC1 (Figure S3A; Hosokawa et al.,
2009), could be the kinase that phosphorylates Wnd. Consistent
with this notion, overexpression of Atg1 in theDrosophila neurons
has been shown to promote JNK signaling and NMJ synapse
overgrowth via Wnd (Shen and Ganetzky, 2009).
We also found that developmental JNK activation in axonal
tracts of the CC and pJNK levels in cortical neurons were
compromised in a mouse model of Batten disease. Thus, the
signaling deficits we identified in Drosophila are also conserved
in mammals. The activity of DLK (the mouse homolog of Wnd)
and JNK signaling are critical for axonal development in the
mouse CNS (Hirai et al., 2006). Therefore, decreased neuronal
JNK activation during development might underlie the thinning
of the axonal tracts observed in many LSDs.ptember 29, 2015 ª2015 The Authors 2017
Simultaneous Administration of an ALK Inhibitor and a
High-Protein Diet Rescues the Synaptic Growth Defects
and Pupal Lethality Associated with Lysosomal
Dysfunction
Although our findings demonstrate a role for an amino-acid-
responsive cascade in the synaptic defects associated with
lysosomal dysfunction, simply elevating the dietary protein con-
tent was not sufficient to rescue these defects. These findings
were reminiscent of an elegant study that showed that the
growth of Drosophila neuroblasts is uncoupled from dietary
amino acids owing to the function of ALK, which suppresses
the uptake of amino acids into the neuroblasts (Cheng et al.,
2011b). Indeed, simultaneous administration of an ALK inhibitor
and a high-protein diet partially rescued the synaptic growth de-
fects associated with the lysosomal dysfunction, and improved
the rescue of pupal lethality associated with trpml1. Although
our studies do not causally link the defects in synapse develop-
ment with pupal lethality, they do raise the intriguing possibility
that multiple phenotypes associated with LSDs could be tar-
geted using ALK inhibitors along with a protein-rich diet.
Although LSDs result in lysosomal dysfunction throughout the
body, neurons are exceptionally sensitive to these alterations
(Bellettato and Scarpa, 2010). The cause for this sensitivity re-
mains incompletely understood. Given our findings that mature
neurons do not efficiently take up amino acids from the extracel-
lular medium, lysosomal degradation of proteins serves as a ma-
jor source of free amino acids in these cells. Therefore, disruption
of lysosomal degradation leads to severe shortage of free amino
acids in neurons, regardless of the quantity of dietary proteins,
thus explaining the exquisite sensitivity of neurons to lysosomal
dysfunction.
EXPERIMENTAL PROCEDURES
Immunohistochemistry and Immunofluorescence
Drosophila
Wandering third-instar larvae were pinned on Sylgard (Dow Corning) and
bathed in ice-cold PBS. The body wall was cut along the dorsal midline, and
visceral organs were removed. The fillets were pinned flat and fixed with 4%
paraformaldehyde in PBS for 30 min. Fixed fillets were washed with 0.1%
Triton X-100 in PBS before primary antibody incubation. Antibody dilutions
were as follows: 1:200 rabbit a-horseradish peroxidase (a-HRP) (Jackson),
1:100 mouse a-DLG, 1:500 rabbit a-GFP (Invitrogen), 1:500 mouse a-myc
(Sigma-Aldrich), 1:1,000 rabbit a-pMAD (Persson et al., 1998), 1:100 rabbit
a-pMAD (S463/465) (41D10, Cell Signaling), 1:100 mouse a-b-gal (40-1a),
and 1:500 mouse a-Wg. After incubation with primary antibodies overnight
at 4C, the fillets were washed and probed with appropriate fluorophore-con-
jugated secondary antibodies (Alexa Fluor 488/568/647 goat anti-mouse/rab-
bit/guinea pig) (Invitrogen) at room temperature for 1.5 hr. Samples were
mounted on glass slide with DAPI-containing Vectashield (Vector Labora-
tories). The monoclonal antibodies against DLG, b-gal, and Wg were obtained
from the Developmental Studies Hybridoma Bank (DSHB) developed under
the auspices of the NICHD and maintained by the Department of Biology at
the University of Iowa.
Mice
Brains from E19.5 mice were fixed with 10% formalin (Sigma-Aldrich) at 4C
overnight, and processed for decalcification for 2 days with Gooding and
Stewart’s fluid (15% formic acid, 5% formaldehyde 37%). They were then
dehydrated gradually (70% to 100% ethanol), equilibrated with chloroform,
embedded in paraffin blocks, and sectioned at 10 mm thickness. The sections
were subjected to the immunohistochemistry using mouse monoclonal anti-2018 Cell Reports 12, 2009–2020, September 29, 2015 ª2015 The Abodies against JNK (BD, 1:200) and rabbit polyclonal antibodies against pJNK
(Cell Signaling, 1:400). The Vectastain Elite ABC kit (Vector Laboratories) was
used for the immunohistochemistry according to the manufacturer’s protocol.
For immunofluorescence, the sections were permeabilized with 0.3% Triton
X-100 in PBS and blocked for 2 hr at room temperature with 1% serum, 0.05%
Triton X-100 in PBS. The slides were washed in PBS and incubated with the
primary antibody for 1 day at 4. After washing, secondary antibodies (donkey
anti-rabbit Alexa Fluor 594), were added (1:200) for 2 hr. The slides were then
mounted in Vectashield.
Western Blots
Drosophila
Brains or fat bodies from wandering third-instar larvae were dissected in ice-
cold HL-3 (70 mM NaCl, 5 mM KCl, 20 mM MgCl2, 10 mM NaHCO3, 0.1 mM
CaCl2, 115 mM sucrose, 5 mM trehalose, and 5 mM HEPES [pH 7.2]). Six to
eight brains or three to four fat bodies per genotype were triturated in 30 ml
Laemmli sample buffer (Bio-Rad) with 5% 2-mercaptoethanol (Calbiochem)
and heated at 96C for 10 min. For acute CH5424802 treatment, four
brains were dissected in HL-3 (containing 1 mM CaCl2) with or without 1 mM
CH5424802 for 1 hr before being triturated and heated in sample buffer. Total
lysates were centrifuged at 10,0003 g for 4min before loading the supernatant
onto 4%–20% gradient gel (Bio-Rad) for SDS-PAGE. Separated proteins were
transferred onto nitrocellulose blot before blocking (Odyssey Blocking Buffer,
LI-COR Biosciences). The blot was probed by primary antibody mixture con-
taining 1:5,000 rabbit a-pJNK (Promega), 1:200 rabbit a-JNK (Santa Cruz),
1:1,000 rabbit a-phospho-Drosophila p70 S6K (Cell Signaling), 1:1,000 rabbit
a-pAKTS473 (Cell Signaling), or 1:1,000mouse a-alpha-tubulin (12G10, DSHB).
The secondary antibodies used were IRDye 680LT (anti-rabbit) and IRDye
800CW (anti-mouse) (LI-COR Biosciences). The bands were detected by the
Odyssey imaging platform (LI-COR Biosciences). Band intensities were quan-
tified using ImageJ.
Mice
Cerebral cortices were dissected from E17.5 mouse embryos and homoge-
nized in ice-cold lysis buffer (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 2 mM
EDTA, 1% Triton X-100, and 10% glycerol in presence of protease and phos-
phatase inhibitor [Roche]). Following SDS-PAGE, membranes were blocked in
5% BSA and incubated with the primary antibodies mouse monoclonal JNK
(BD Biosciences, 1:500) and rabbit polyclonal pJNK (Cell Signaling, 1:1000)
overnight at 4C. Blot images were acquired using the LAS 4000 gel imaging
system (GE Healthcare) and quantified using ImageJ.
In Vitro Kinase Assay
MTORC1 was preincubated (30C, 15 min) with Torin1 (10 mM) or vehicle in ki-
nase assay buffer (in mM: 50 KCl, 10MgCl2, 1 DTT, 25 HEPES [pH7.4]). For the
radioactive kinase assay, the purified proteins (GST-WndKD, GST-mut-WndKD,
or GST) and the kinase assay buffer containing 50 mM ATP and [g-32P] ATP
(10 mCi per reaction) were added to the preincubated MTORC1 reaction
mixture. Kinase reaction was performed (30C, 30 min) and stopped by boiling
in Laemmli sample buffer and resolved on SDS-PAGE gels followed by silver
staining. Phosphorylated proteins were visualized by autoradiography of dried
gels, and 32P signals were quantified by densitometry. For the in vitro kinase
assay on recombinant 4E-BP1, kinase assay buffer containing 150 ng recom-
binant 4E-BP1 (Santa Cruz) and 500 mM ATP was mixed with MTORC1 prein-
cubated with Torin1 (10 mM) or vehicle. Reactions were performed at 29C for
30 min and stopped by boiling the samples in Laemmli buffer. Samples were
subsequently analyzed by SDS-PAGE and western blotting with anti-phos-
pho-4E-BP1 (T37/46) and anti-4E-BP1 antibodies (Cell Signaling).
Statistical Analysis
Paired or unpaired Student’s t tests were employed for pairwise comparisons.
For comparison of three or more values, one-way ANOVA was performed to
determine significance. The Bonferroni post hoc correction was applied
when performing multiple pairwise comparisons. All values shown in bar
graphs represent mean ±SEM. Please consult the Supplemental Experimental
Procedures for all values in the bar graphs and information on statistical tests
employed.uthors
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